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UV (240—370 nm) and IR (32081500 cn1?) absorption cross-sections of HCHO, HCDO, and DCDO in a

bath gas of Mat atmospheric pressure and 296 K are reported from simultaneous measurements in the two
spectral regions. Cross-sections were placed on an absolute scale through quantitative conversion of
formaldehyde to CO and HCOOH by titration with Br atoms, also monitored by FTIR. The integrated UV
absorption cross-sections of HCHO, HCDO, and DCDO are equal to within the experimental uncertainty.

1. Introduction of formaldehyde produces over half of the atmosphere’s

Formaldehyde is a key atmospheric trace gas which is formed molecular hydrogen. The remainingli due to emissions

in the photochemical oxidation of methane and higher hydro- |nclud|ng.b|0mass _b“r_”'”g and fossil f_uel comb_ustlon. ]
Carbons Of both natural and anthropogenic Origiﬁﬂrmalde_ Ana|ySIS Of the d|Str|but|0n Of Stable ISOtOpeS n atmOSpheI’IC
hyde is also emitted by fossil fuel combustion and biomass SPecies is a promising method for tracking sources and sinks
burning? It plays a key role in atmospheric photochemistry: ©Of atmospheric gaseous speciés® Different sources often
its photolysis proceeds via two pathways at atmospherically have different distinguishable isotopic signatures, and the
relevant wavelengths and constitutes an important source pf HO removal processes are likewise associated with distinct frac-
and molecular hydroget® tionations for stable isotopes. In the case of formaldehyde, the
loss processes (uptake into droplets, deposition, photolysis, and
HCHO + hv —H + HCO (A < 330 nm) (1a) reaction with radicals) are highly variable, depending on local
conditions—the rates of the photolysis and OH processes being
HCHO + hw — H, + CO ( =< 361 nm) (1b) approximately equal. We have previously shown that the
formaldehyde reactions with OH, Br, Cl, and kl@adicals
The quantum yield of the two pathways depends on wave- exhibit large hydrogen/deuterium kinetic isotope effects (KIEs)
length and thus varies throughout the atmosphere. Under averagganging from 300%. for Cl to 7500%. for Br, whereas tH€
tropospheric conditions, the two photolysis pathways are of K|Es are of the order of-48 (for the OH reaction) ta-130%o
roughly equal importance? Formaldehyde therefore plays a (for the Br reaction}?-2! The deuterium isotope effects in the
significant role in the oxidative capacity of the atmosphere, since formation of formaldehyde from methane have been addré3sed,
it is responsible for a significant fraction of the total HO i addition to the photolytic isotope effed?“ Likewise, the
production, particularly in the late morning and afternoon héurs. )y spectrum of formaldehyde is modified by isotopic substitu-
Accurate atmospheric photolysis rates of formaldehyde are jon2s and significant isotope effects in the tropospheric pho-
required in order to properly model H@hemistry. tolysis rates have been demonstratetf. HCHO photolysis is
H; is an indirect greenhouse gas, since its addition to the 51,6t 3 times faster than that of DCBfGand 1.5 times faster
atmosphere results in a decrease in the primary atmospheriGnan that of HCDO under tropospheric conditiGaSuch large

OXid?Qt OH and a corresponding increase in the greenhouse gaggtope effects in photolytic processes immediately raises the
CH,."> Several groups have investigated the environmental ¢ eqtion: Are the differences in photolysis rates related to

impact of F in the recent past, in part because of the anticipated jiterences in the absorption cross-sections? To answer this,

. : 15 .
increase in the use of hydrogen fu&i> A conversion from a ccurate UV cross sections of formaldehyde isotopologues are
carbon-based to a hydrogen-based economy would have sever eeded

consequences, including reduced emissions of, MOC, and . . . .
In addition to improving our knowledge of its loss processes,

CO,, lower concentrations of tropospheric ozone, and an ) -
increase in stratospheric water vapdhe in situ photolysis accurate measurements of atmospheric HCHO concentrations
are required to evaluate its role in @nd H formation. For

* To whom correspondence should be addressed: E-Mail: c.j.nielsen@ thiS reason, ground-based, air-borne, and balloon-borne or

kje][ni.uio.no._ o ‘ _ satellite measurements are performed routinely using spectrom-
. aboratoire Interuniversitaire des Systes Atmospheques. eters working in the UV and infrared spectral ranges. For
E Universig of OSE,_ gen- example, Differential Optical Absorption Spectroscopy (DOAS)
'Norwegian University of Life Sciences. employing the UV spectral region (36360 nm) is widely used
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in ground-based field measurement of formaldehd/dé® and for the duration of the experiments. All experiments were carried
Chance et al. reported satellite observations of HCHO over out in nitrogen atmosphere (AGA, 99.99%) at 286 K and
North America measured by the GOME instrument aboard the 1013 + 10 hPa. The infrared spectra were recorded with a
ERS-2 satellité® In the infrared spectral region, formaldehyde Bruker IFS 66v FTIR equipped with a liquid nitrogen cooled
concentrations are monitored using the 3 (2550-3150 MCT detector covering the 5586000 cnT? region. A total of
cm1) and the 5-6 um (1660-1820 cnt!) bands with both 512 interferograms were co-added, each with a nominal resolu-
Fourier-Transform spectrometers (F¥8and tuneable diode-  tion of 0.125 cn1?, and transformed using boxcar apodization.
laser absorption spectrometers (TDLA%53In order to obtain The sample was introduced into the chamber by sublimating
accurate concentration profiles, knowledge of the IR and UV the respective formaldehyde polymer at 18D into a small
absorption cross sections of formaldehyde is therefore of the reservoir on a vacuum line and flushing the gas into the chamber
utmost importance. by a stream of nitrogen. The IR and UV spectra did not show
The UV absorption cross sections of HCHO have been evidence for the formation of DCDO or HCHO when the HCDO
studied numerous times and critically reviewe8ystematic polymer was heated.
differences which can reach 20% are observed between several 2.1 1. Titration ProcedureBefore the titration experiments,

laboratory UV studies commonly used in remote-sensing the cell was cleansed by repeated photolysis of small amounts
experiments and photolysis rate calculatiéhs® ozone in 1 atm of air until no formation of CO/GQvas
Infrared cross-sections of HCHO are also available for the gbhserved. In the titration experiments, a formaldehyde isoto-
two bands used to monitor its tropospheric concentratiofs pologue was sublimated and isolated in a bulb on a vacuum
and an IR line list has been deposited in the HITRAN database. Jine and subsequently flushed into the chamber with nitrogen
However, this list is incomplete and should be used with caution. to a total pressure of 1 atm and a volume fraction e#iZopm.
Moreover, the 56 um bands (16661820 cnt!) have been  |R spectra were recorded immediately and again afted min
subject to five quantitative spectroscopic studies. Four of the to check that the sample did not adsorb on the cell walls. Around
experimental data sets (Nakanaga et&Klotz et al.3° Sharpe 10% of the gas mixture was then pumped out ane 15 ppm
et al.’® Herndon et af!) agree with each other to within 5%  of Br, was added in a turbulent stream of air to a final pressure
whereas the very early data of integrated cross-sections byof 1 atm, when a new spectrum of the sample mixture was
Hisatsune and Eggé¥sare consistently 25% lower. recorded. Bromine atoms were then generated by photolysis
Concerning DCDO, a quantitative infrared study has been using Philips TLD-08 fluorescence lamps (34010 nm,Amax
published but no quantitative UV study has been presented. ~370 nm) resulting in both ground state, B,), and excited
For HCDO there are no equivalent data available. state, BrfPyy) (+3685 cntl),*4 atoms’ The titration was
Recently, we have published an intercomparison of UV {300  automated, each cycle consisting of: (1) UV-A photolysis for
360 nm) and infrared (1661820 cn1?) absorption coefficients 15 s and increasing by 15 s each cycle, (2) a waiting period of
of formaldehyde (without determination of absolute absorption 30 min, and (3) the recording of two IR spectra.
coefficients) using simultaneous measurements in both spectral  The experimental infrared spectra were analyzed using a
regions?® The intercomparison showed good agreement betweeng|ohal FTIR nonlinear least-squares spectral fitting procedure,
the UV data published by Meller and Moortffand a set of LT, developed by Griffith®> This method simulates the
four infrared data. In contrast, a rather large discrepancy (abouteyperimental spectrum of the mixture of absorbing species from
20%) was observed when using the UV data of Cantrell & al. 5 set of initial concentrations and reference spectra and then

6 i . . .
and Rogers? which are those currently recommended by the aries the absorber concentrations, the continuum level, and the
HITRAN 2004 databas#: An absolute intercalibration of UV jhqirument line-shape parameters, iteratively to minimize the

and IR cross sections is therefore needed to confirm these results;egjqyal between the measured and simulated spectrum. In the

In the present_work, we have undertaken a qugntltatlve StUdyspectrum calculation, line parameters from the HITRAN

of the UV and infrared spectra of formaldehyde isotopologues. yatahasi are used if available, otherwise high-resolution spectra
are used.

2.1.2. High-Resolution Spectrdigh-resolution spectra of the

The concentration of formaldehyde in spectroscopic cells is CHDO isotopologue were recorded using a Bruker HR-120
inherently difficult to determine accurately by manometric vacuum interferometer and gas cell located at the Maxlab
methods because formaldehyde polymerizes and adsorbs orelectron storage ring in Lund, Sweden. The experimental system
surfaces. Therefore, the determination of UV and infrared cross- has been described previou$land consists of a temperature
sections was performed in two steps: First, infrared cross- controlled stainless steel chamber with a volume of 200 L and
sections were determined in the photoreactor in Oslo by White-type multipass optics. The distance between the mirrors
quantifying the formaldehyde isotopologue in the cell using is 2.85 m, and for these experiments, the system was aligned
titration by bromine atoms (see section 2.1). Second, UV/IR to give a path length of 11.4 m. A sample of the CHDO polymer
spectra were simultaneously recorded in the LISA photoreactor,was heated to produce the monomer at a pressure of about 6
and UV cross-sections were deduced from infrared absorptionmbar in a volume of 1.4 L. This sample was flushed into the
coefficients (section 2.2). cell with a small amount of high-purity nitrogen to give a sample

2.1. Infrared High-Resolution Reference Spectra and pressure in the cell of around 4@ar. Depending on the band
Absorption Cross-sections.The infrared absorption cross- being examined either an MCT or InSb detector was used, in
sections were obtained from experiments carried out in a 250 combination with an appropriate bandpass filter and a globar
L electropolished stainless steel smog chamber equipped withlight source. The CH stretching region of CHDO was recorded
a White-type multiple reflection mirror system with a 120 m at a resolution of 0.0025 cm, and the CD and CO regions at
optical path length. The chamber was equipped with UV a resolution of 0.08 cm. Examples of the obtained data are
photolysis lamps mounted in a quartz tube inside the chamberpresented in Figures SI53 (see the Supporting Information).
and flushed with air to remove the heat generated. The The complete spectra are available from the authors upon
temperature, monitored on the chamber wall, remained constantrequest.

2. Experimental Section
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2.2. Simultaneous Recording of UV and FTIR Spectra. UV reference spectra, HCHO (or DCDO or HCDO) was
The experiments were performed in an evacuable Pyrex pho-introduced into the reactor by sublimating approximatly 40 mg
toreactor (6-m long, volume 977 L) at room temperature and (corresponding to about 30 ppm) of paraformaldehyde in a glass
atmospheric pressure. A detailed description of this setup is tube connected to the chamber and by flushing it into the
given in Doussin et & The reactor contains two White-type chamber with dry M The UV and infrared absorption spectra
multiple reflection optical systems interfaced to a Fourier- of formaldehyde were simultaneously recorded. No impurities

transform infrared (FTIR) spectrometer and to an -tixs or formaldehyde polymers were recorded in either the infrared
grating spectrometer. (IR) or ultraviolet (UV) spectra.
2.2.1. UV-uis Measurementd he system consists of a light In order to detect possible systematic intensity errors caused

source, a beam-splitter, multipass optics inside the reactor, aby sample and window thermal emissidA8?FTIR spectra with
monochromator, and a CCD camera as detector. The sourcethe infrared light source switched off were recorded both with
the optical parts, and the detector are set on an optical tableand without formaldehyde in the cell. In all cases, no signal
fixed to the reactor framework and stabilized with rubber shock different from noise was detected, indicating that thermal
absorbers. A high-pressure xenon arc lamp (Osram XBO, 450W radiation does not lead to systematic infrared absorption errors
Xe UV) is used as source in the ultraviolet and visible regions. in the present experimental setup infrared spectral range.

To reduce stray light in the spectrometer due to the very high  2.3. Chemicals and SynthesisThe formaldehyde isotopo-
intensity of the source in the visible region, a UG5 bandpass logues used were in the form of paraformaldehyde, AQH

filter (Oriel) of 3-mm thickness is permanently placed in the The HCHO sample was a commercial product (Fluka, extra
light beam. The UV spectrometer is a Czetriyjurner mono- pure); DCDO (CDN, 99.8 D atom%); HCDO was prepared in
chromator with 0.32 m focal length (HR 320, Jobivivon) ~50% vyield by hydrolysis of [2H]-diethoxymethane, HDC-
equipped with a 1200 g mm grating and a 1024 58 pixel (OEt), in 30% formic acid at 50C under reflux fo 1 h using
CCD camera (CCD 3000, Jobin-Yvon) as detector. In this a short Vigreux column and subsequent removal of ethylformate
configuration, the CCD covers a spectral range-60 nm, and by distillation. The agueous solution of HDC(OHJyas then

the instrument has a maximum resolution of 0.15 nm. As the freeze-dried in vacuo to give (HCDR@HCOOH was a standard
formaldehyde absorption covers a rather broad region in the laboratory chemical (Fluka, 99%), DCOOD (Merck,99

UV (230—360 nm), the experiments were made with three atom% D), was mixed with kO to exchange the acidic proton
monochromator positions: 24@00 nm, 276-330 nm, and and distilled in vacuo before use.Bvas a standard laboratory
310-370 nm. chemical (Fluka,>99%) and distilled in vacuo before use.

The UV beam is split into two parts: one part enters the  [2H]-Diethoxymethane was prepared using a slight modifica-
optical cell for the measurement, whereas the other one remaingion of a literature proceduf A two-necked round-bottom flask
outside and is directed to the monochromator to monitor equipped with a condenser and an addition funnel was charged
variations in the XBO lamp intensity during the experiment. With 5.00 g (119.0 mmol) lithium aluminum deuteride (Fluka,
The absorbance in the UV region is then determined as described?9.5 atom% D) suspended in 150 mL dry ether and kept under
in more detail elsewhers. an inert atmosphere gN The mass of 11.90 g (80.3 mmol)

The wavelength scale of the UWis spectrometer was triethy!orthoformate diss.olved in 12 mL dry e.ther was qdded
calibrated with reference to 30 emission lines of mercury, zinc, dropWwise to the magnetically stirred suspension ovérmin
cesium, and cadmium between 240 and 370 nm. The calibration@ F00M temperature. The mixture was refluxed overnight and
was made in the three regions (24800, 276-330, and 316 cooled to room temperature. _Ether (25 m_L) saturat(_ed with water
370 nm) used for the acquisition of the spectrum. The-Wig was added dropwise to the vigorously stlrred.solutlon followed
mirrors of the White cell have aluminum coatings covered with PY 12 mL of 12 M aqueous NaOH. The solution was decanted
a layer of AIMgF. The average reflectivity is 83% in the UV frc_)m the solids thus formed, anc_i the precipitate was wa;hed
region enabling an optimal maximum optical path length of 72 with ether (3x 15 mL). The organic phase was collected, dried

m (base length: 608 1.0 cm). For this study, the optical path using MgSQ and filtered. Ether was carefully distilled using a
length was set to 72.0 m. Vigreux column. Sodium cut in small pieces (1.#g/4 mmol)

was added to the concentrated solution. The mixture was
refluxed for another 34 h to remove residual ethanol. Simple
distillation gave a crude distillate that was redistilled using a
short Vigreux column to give 4.95 g (59%) of the product with
& boiling point of 88°C. NMR spectra of the samples were in
accord with the literaturet

2.2.2. Infrared Measurement3.he infrared spectra were
recorded with a Fourier transform spectrometer (BOMEM DA8-
ME). The experimental setup comprises a globar light source,
a KBr beam splitter, and a liquid nitrogen-cooled MCT detector.
This spectrometer allows measurements between 500 and 400
cm~t with a maximum resolution of 0.013 cth(unapodised).
The spectrometer is coupled to the reactor multi-reflection
White-cell via 0.8 wedged 5-mm thick KBr windows. The
mirrors of the cell are “hard” gold-coated and have an average 3.1. Infrared Absorption Cross-sectionsThe concentrations
reflectivity of 97%. For the experiments performed in this study, of formaldehyde in the Oslo photoreactor were determined
the spectra were recorded with a resolution of 0.1 tmnd indirectly by titration with Br atomsthe advantage of using
using a boxcar apodization function. The optical path length Br instead of Cl atoms is that most other Br atom reactions
was set to 12.0 m (base length: 59971.0 cm) to have with organics are endothermic thereby reducing possible
compatible absorbances in the UV and infrared regions. systematic errors. For HCHO, the only exothermic reaction in

2.2.3. Experimental Procedur@he procedure followed in  the initial step is as follows
each experiment started by pumping the photoreactor 0 5
1073 mbar with irradiation for 1 h. During the experiments, the HCHO + Br — HCO + HBr (2)
reactor was filled with pure nitrogen (from liquid nitrogen
evaporation=99.995%, Linde) at atmospheric pressure and a Under atmospheric conditions the formyl radical then reacts with
temperature of 29% 2 K. After the acquisition of infrared and  molecular oxygen to give CO and the hydroperxy radical

3. Results
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HCO+ O,— CO+ HO, 3)

In a photochemical reactor with ppm concentrations of HCHO,

the reversible adduct formation between formaldehyde and the,
hydroperoxy radical becomes important and cannot be neglected: §

52—-57
HCHO + HO, = HOO—CH,0 = HO—CH,—00 (4)

This adduct can react irreversibly in several ways, of which

the more important under the present experimental conditions f 1.0

are as follows$?2:54
HO—CH,—00+ HO, —~ HO—CH,—OOH + O,
— HCOOH+ O, + H,0

2HO—CH,—00 — HO—CH,—OH +
HCOOH+ O, (6a)

— 2HO-CH,~0 + O, (6b)
HO—CH,—0 + O,— HCOOH+ HO, @

In an “oxygen-free” atmosphere, however, the dominating
processes following the initial hydrogen abstraction will be as
follows:"-58-63

(5a)
(Sb)

HCO+ Br,— HCOBr+ Br (8a)
— CO+ HBr + Br (8b)

HCO+ Br— CO+ HBr 9)
HCO + HBr — HCHO + Br (10)
HCO+ HCO— (CHO), (11a)
— HCHO+ CO (11b)
—2CO+H, (11c)

Glyoxal, should it be formed, will either photolyze very
quickly during the photolytic generation of Br atoms, or react
very quickly with Br atoms and eventually end up as CO.
Formylbromide is thermally unstable and, with a lifetime of
~10 min in our reactor, it dissociates into CO and HBr, although
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Figure 1. Integrated optical depth of HCHO bands during titration
with Br atoms. 35 data points from 5 independent experiments give
the integrated band intensities [Bbo-3100cmt) = (2.92+ 0.10) x 10717

cm molecule? and 1Blusso-1820cmty = (1.31 £ 0.04) x 1077 cm
molecule. The errors quoted take into account the uncertainties in
the slopes (@) and those of the CO and HCOOH infrared cross sections.

simulation confirmed that glyoxal formation (reaction 11a) was
a minor process in our conditions, corresponding to ap-
proximately 0.01% of reacted formaldehyde.

The spectral features used in the analysis of the formaldehyde
removal from the chamber were the-8& stretching bands of
HCHO and HCDO in the 30062800 cnt? region and the €D
stretching bands of DCDO in the 236@900 cm® region.
Experimental high-resolution IR spectra of HCHO, HCDO, and
DCDO were used in the analyses. Formic acid was quantified
from its strongest banethe vg(A’) band at 1105 cm# (HCOOH)
and thevs(A") band at 1142 cmt (DCOOH); any DCOOD and
HCOOD formed from DCDO and HCDO in the titration
reactions quickly exchanges the acidic deuterium with water
on the reactor surface to end up as DCOOH and HCOOH,
respectively. The spectral data needed in the fitting procedure
were taken from the HITRAN 2004 database faxH CO, and
C0,.%2 For HCOOH, the HITRAN 2004 data are incomplete
and the cross-section for thg(A") band is significantly lower
than most experimental cross secti®hg? In particular, a recent
study has shown that HCOOH cross-sections deduced from
HITRAN are underestimated by a factor of’2This new

we cannot exclude that it also reacts with water on the cell walls determination, which is in good agreement with most previous

to form HCOOH and HBr. Thus, in an ideal “oxygen-free”

experimental ones, was used to quantify formic acid in the

atmosphere, there will be a 1:1 correspondence betweenpresent experiments. Reference spectra (430 cntl) of

formaldehyde used and CO formed in a titration with Br atoms.
However, because reaction 3 is quite fast (5%.210712 cm?
molecule s71)% even 10 ppm @in N, will make this reaction
the dominant loss process for the formyl radical. A FAC-
SIMILE®®> model was written and run to evaluate the importance
of reactions 3-11; the rate constants of these reactions are
collected in Table S1 (see the Supporting Information). The O
volume fraction during the titration experiment was estimated
from the leakage rate during filling of the reactor to be 10 ppm.

~1 ppm HCOOH and DCOOH, respectively, in 1 atm purified
air are shown as in transmitance in Figures S4 and S5,
respectively (see the Supporting Information). The HCOOH
spectrum was quantified from the integrated band intensity of
the VG(A') band, |Bt10451150 cm-1) — 39.2 x 10718 cm
molecule’l.”* The DCOOH spectrum was then placed on an
absolute scale by comparing the experimental integrated band
intensities of the1(A') bands (the ©H stretching vibrations)

in HCOOH and DCOOH spectra with quantum chemical

Simulations of the HCHO and CO concentrations reproduce the predictions, see Section 3.3.

experimental data well. However, it was observed that the
HCOOH concentration profiles were very sensitive ka,
(HO—CH,—00O — HOO—CH,O — HCHO + HOy). The
literature values fokg>®57-6466span a rather wide range from
23 s157t0 150 s1.5566 The best fit to our experimental data
was obtained wittk_g = 20 s'%, which is close to the one
determined by Zabel et &’,whereas IUPA&* recommends
the value of Barnes et &f.and Veyret et at> Moreover, the

Table S2 (see the Supporting Information) exemplifies the
results from an analysis of the infrared spectra recorded during
a titration of HCHO+ Br in nitrogen; 90 to 95% of the titrated
formaldehyde is converted into CO, whereas 5 to 10% ends up
as HCOOH. The infrared spectra, Figure S6 (see the Supporting
Information) show that HCOBridentified by its strongest band,
v(A'), at 1798 cm! and the Fermi-resonance-enhanceg- 2
(A") overtone band at 1774 crh—is being formed during the
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Figure 2. Integrated optical depth of HCDO bands during titration
with Br atoms. 68 data points from 4 independent experiments give
the integrated band intensities {Bbo-3100cm?) = (1.48+ 0.04) x 1077

cm molecule 1Bl 1950-2270cmt) = (1.094 0.04) x 10717 cm molecule?!

and 1Bl1e40-1800cmt) = (1.15+ 0.04) x 10717 cm molecule. The errors
guoted take into account the uncertainties in the slopesd@d those

of CO, HCOOH, and DCOOH infrared cross sections.
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2.5
DCDO Titration data
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Figure 3. Integrated optical depth of DCDO bands during titration
with Br atoms. 35 data points from 2 independent experiments give
the integrated band intensities [Bbo-2200cmt) = (2.27+ 0.07) x 1077

cm molecule® and 1Bkis20-1770cmt) = (0.97 £ 0.03) x 10728 cm
molecule®. The errors quoted take into account the uncertainties in
the slopes (@) and those of CO and DCOOH infrared cross sections.

8

titration.”? Table S2 also illustrates that small amounts of both
CO and HCOOH are formed in the reactor as the bands of
HCOBr diminish. A series of 5 fitration experiments were
carried out for HCHO, whereas 4 experiments were carried out
for HCDO and 2 for DCDO. The titration curves are presented
in Figures -3 from which one may extract the various IBI of
HCHO as the slope according to the Beeambert law. The

derived average absorption cross sections (base e) are collected

in Figure 4, whereas Table 1 compares the IBlIs obtained for
the three formaldehyde isotopologues with values available in
the literature. We note that, at atmospheric pressure, the
formaldehyde line-widths in the IR region are about twice the
spectral resolution employédindicated errors take into account
the uncertainties in the slopess{zand the uncertainties on GO

and HCOOH" "t infrared cross sections.

3.2. UV Absorption Cross-sectionskor each formaldehyde
isotopomer, several simultaneous recordings of UV (3860

Gratien et al.
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Figure 4. Infrared absorption-cross sections of DCDO, HCDO, and
HCHO. All spectra were obtained of the samples in nitrogen atmosphere
at 296+ 2 K and 1013+ 10 hPa.

2.0

IR : 2600-3100 cm”
IR : 1660-1820 cm™

1=
1.84
o

1.6+

[A.dv/1 10%cm®
o o o - - -
A ®» ® o M »
| I | 1 1 . 1

o
[N}
P

o
=)

T d T T T
4 6

2 2
A, -dv /i, /10%cm

Figure 5. IR versus UV integrated optical depths of HCHO. 6
intercomparison experiments give the ratiosd&b-z1oocnty/ 1Bl (300-360

nm) 0.246 £ 0.006. The errors quoted take into account the
uncertainties in the slopesdp Data from ref 43 give 1Bleso-1820cm
1)/|B|(300—360nm): 0.113+ 0.003.

o

TABLE 1: Integrated Band Intensities, IBI, of HCHO,
HCDO, and DCDO in the Infrared Region

this work literature values
molecule  spectral range /cth /10717 cm? /10 em?t

HCHO 2600-3100 2.92+0.10 2.12640.914%

2.7084 0.099%

2.8004 0.140%

1660-1820 1.314+0.04 0.963+ 0.199%

1.2294 0.040%8

1.2624 0.083%

1.2484 0.126%°

1.284+ 0.0644
HCDO 2600-3100 1.48+ 0.04
1950-2270 1.09+ 0.04
1640-1800 1.15+ 0.04

1970-2290 2.27+0.07 2.138+0.068%8

1620-1770 0.97+0.03 0.88240.028%8

nm) and IR spectra (9663300 cnT?') were carried out with
different formaldehyde concentrations. Infrared spectra were
compared to high-resolution spectra acquired in this study to
identify potential artifacts (impurities, saturation, and polym-
erization). Good agreement was observed between the spectra.
The quality of the HCHG-UV spectra was checked in our
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intercomparison experiments were performed by simultaneously acquir-
ing UV and IR spectra and give the ratios. #do-3100cmity/ 1Bl (300-360nm)

= 0.163+ 0003, IBl195&22700rﬁ1)/|B|(30[%360nm): 0.120+ 0.002 and

IBI (1640—1800(:!111)/ 1BI (300-360nm) = 0.128+ 0.002. The errors qUOted take
into account the uncertainties in the slopes)(2

= |R:1970-2290 cm’
o IR:1620-1770 cm’

IR

0.8

.dv/l_/10%cm?

0.6

[Aq

0.4

0.2

00 . . . . . . .

J. Phys. Chem. A, Vol. 111, No. 45, 20071511

8 -
o 6
3
8 44 DCDO
[<] 2]
€
~
0
£ 104
8 8]
o -
hy 6
c
g 4
8, HCDO
n
[}
g o
o 104
c
S 84
Qo 44
< ) HCHO
04
1

T Ll L] T
280 300 320 340
wavelength /nm
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TABLE 2: Ratios IBI |R/|B| UV(300—-360nm) of HCHO, HCDO,
and DCDO Deduced from IR;UV Intercomparison
Experiments

IR spectral
range (cmY) HCHO HCDO DCDO
2600-3100 0.246+ 0.006  0.163+ 0.003

1640-1800  0.113+0.003 0.128+ 0.002

1950-2270 0.120+ 0.002

1620-1770 0.093t 0.006
1970-2290 0.218+ 0.011

aData for the 16661820 cnt? region from ref 43.

TABLE 3: Integrated Band Intensities (/10716 cm
molecule™?) in the 300—360 nm UV-region of HCHO,
HCDO, and DCDO

4 6
A, .dv /1,107 cm?

Figure 7. IR and UV integrated optical depths of DCDO. 5 inter-
comparison experiments were performed by simultaneously acquiring
UV and IR spectra and give the ratios. {Bto-2200cnt)/IBl (300-3600m) =
0.218+ 0.011 and |B(|1520_1770(;m1)/|B| (300-360nm) — 0.093+ 0.006. The
errors quoted take into account the uncertainties in the slopds (2

previous study?® we expect a similar quality of the DCDO and
HCDO UV spectra.

The quantities/Ar(?) dv/lir and fAuy(¥) d¥/lyy, in which
lir andlyy are the optical path lengths of the IR and UV beams,
respectively, were calculated for the various experiments. In

Meller and
this work Moortgaf* Cantrelletaf>  Rogers®

HCHO 1.172+0.066 1.110+0.055 0.934+0.093 0.95G+ 0.019
HCDO 0.932+ 0.051
DCDO 1.042+0.089

stray light). The UV absorption cross-sections of the formal-
dehyde isotopologues shown in Figure 8 were then derived from
these ratios and from the infrared cross sections obtained in
section 3.2. Table S3 (see the Supporting Information) lists the
absorption cross-sections averaged over 1-nm intervals. The UV
spectra were obtained with a spectral resolution of 0.18 nm.
Consequently, true peak absorption cross-sections are under-

the IR region, the measured absorbance of HCHO was integratedestimated because the spectrometer resolution is much less than

over the regions 16661820 and 26083100 cnt?; for DCDO,
the integration regions were 1970290 and 16261770 cn1%;
and for HCDO, the regions 1641800, 1956-2270, and
2600-3100 cntt were employed. In the UV region, integrations
were performed over the region from 300 to 360 nm (27778 to
33333 cm?) for the three isotopologues. Figures-B show
plots of fAr(?) dv/l|r for various bands versudAyy (V) dv/lyy
for HCHO, HCDO and DCDO, respectively. According to the
Beer-Lambert law, the slopes of the straight lines fitted to the
data correspond to the ratios |RIBIyy. The internal consis-
tency of the data of the present study is very good, showing
that the linearity of absorption is clearly fulfilled.

The ratios of IBJgr/IBlyy obtained in this work are presented
in Table 2. The errors given take into account the uncertainties
in the slopes () as well as systematic errors (paths lengths,

the rotational line widths, and only the integrated absorption
cross-sections of HCHO, HCDO, and DCDO in the 3@80
nm region are compared with previous results in Table 3. The
errors quoted take into account the uncertainties from the ratios
IBl\r/ IBlyy and from the infrared cross sections. To compare
the spectra of HCHO from the present study with the recent
quantitative high-resolution UV daf4;7® a band-by-band
comparison of integrated intensities for the main vibronic bands
in the 306-360 nm regions of HCHO is presented in Table 4.
3.3. Quantum Chemical Calculations.Quantum chemical
DFT (B3LYP) calculations were performed with Gaussiai’03
employing the cc-pVTZ, aug-cc-pVTZ, cc-pVQZ, and cc-pV5Z
basis sets. The equilibrium geometries and the normal modes
of HCOOH and DCOOH, including infrared intensities, were
calculated with all four basis sets. In addition, the anharmonic



11512 J. Phys. Chem. A, Vol. 111, No. 45, 2007 Gratien et al.

TABLE 4: Integrated Band Intensities (/1017 cm molecule?) for the Main Vibronic Bands in the 300—360 nm UV-Region of
HCHO

UV spectral this work Meller and Cantrell Rogers® Smith Pope Co
range (nm) Moortgat3* etal.% etal’® etal’ etal’®
302.8-305. 1 1.38+ 0.04 1.308 1.227 1.22 1.3590.022
305.1-308. 2 1.08+ 0.07 1.000 0.918 0.93 1.14D0.028
308.2-311.3 0.70+ 0.04 0.655 0.649 0.65 0.7240.004
313.5-316.5 1.40+0.09 1.371 1.324 1.28 1.3960.010 1.43
316.5-319.7 1.14+ 0.06 1.022 0.976 0.94 1.1220.053 1.15
325.2-328.7 1.27+0.08 1.278 1.291 1.25 1.2850.010
328.7-332.8 0.82+ 0.05 0.804 0.791 0.75 0.8420.006
337.7-340.1 0.79+ 0.04 0.803 0.821 0.80 0.7560.094
351.7355.5 0.44+ 0.03 0.424 0.367 0.37 0.411

force field of formic acid was calculated at the B3LYP/cc-pVTZ The experiments demonstrate that the integrated UV absorp-
level. The calculated normal modes of vibration including their tion cross-sections of HCHO, HCDO, and DCDO are equal to
infrared intensities are summarized in Table S4 (see the within the experimental uncertainty. Therefore, the differences
Supporting Information). The main result pertaining to the in photolysis rates and branching ratios for the molecular and
present work concerns the infrared intensities of the two radical channels for the H isotopologé@%' must be due to
isotopologues. The calculations show that the OH-stretching dynamicsi® and not differing absorption rates.

modes in HCOOH and DCOOH essentially have the same

integrated band intensity. This result can be used to place the Acknowledgment. This work is part of the ACTION project
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The following conclusions can be made based on the results
shown in Table 1. The present integrated infrared band
intensities of HCHO are in agreement with the litera®éré'
when the appropriate experimental uncertainties are taken into
account. We note that the recommended intensities found in
HITRAN 2004 are not in agreement with the available body of
measurements. The infrared integrated band intensities of DCDO
are in agreement with the literature by considering the uncer-
tainties for the regions 1972290 cnt?! but are in disagreement
by about 9% for the 19562290 cnt? region.

In the UV region, the present IBls for the region 36860
nm compare well (about 5% difference) with the data of Meller

and Moortga€* Looking at the band by band IBIs collected in . . ; .
. - : stretching of HCDO (Figure S2). Cut of the high-resolution CD
Table 4, the discrepancy varies from 2% to 11% depending on stretching band of HCDO (Figure S3). Infrared vapor-phase

the band considered. Furthermore, it can be seen from Table 4 .
that our results are in excellent agreement (better than 2%) Withspectrum of HCOOH (Figure S4). Infrared vapor-phase spec

the high-resolution data published by Smith eféaind Pope trum of DCOOH (Figure S5). Infrared spectra of the carbonyl

stretching region during a HCH®@- Br titration (Figure S6).
et al’* The data of Co et &k are about 7% lower for the band ; S , : )
351.7-355.5 nm than our results, but consistent when taking This material is available free of charge via the Internet at http:/

; - : . ubs.acs.org.
into account the uncertainties. Finally, the consistency between” 9
the data of Smith et dFf and the present ones suggest that the Raferences and Notes
Meller and Moortgat* data are slightly too low by about 5%. _ -
In ntr ifferen f 20% i v when (1) Anderson, L. G.; Lanning, J. A.; Barrell, R.; Miyagishima, J.; Jones,
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Supporting Information Available: Reactions and rate
coefficients used in FACSIMILE modeling of the Br-titration
of formaldehyde (Table S1). Example of results from HCHO
+ Br titration monitored by FTIR (Table S2). UV absorption
cross sections of HCHO, DCDO, and HCDO averaged over 1
nm intervals (Table S3). Vibrational frequencies and infrared
intensities of HCOOH and DCOOH from quantum chemical
calculations (Table S4). Cut of the high-resolution CH stretching
band of HCDO (Figure S1). Cut of the high-resolution CO
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